Abstract The longevity of ore pass systems is an important consideration in underground mines. This is controlled to a degree by the structural stability of an ore pass which can be compromised by changes in the stress regime and the degree of fracturing of the rock mass. A failure mechanism specific to ore pass systems is damage on the ore pass wall by impact load or wear by material flow. Structural, stress and material flow-induced failure mechanisms interact with severe repercussions, although in most cases one mechanism is more dominant. This paper aims to provide a better understanding of the interaction of ore pass failure mechanisms in an operating mine. This can provide an aid in the design of ore pass systems. A twostage numerical approach was used for the back analysis of an ore pass at Brunswick mine in Canada. The first stage in the analysis relied on a 3D boundary element analysis to define the stress regime in the vicinity of the ore pass. The second stage used a synthetic rock mass (SRM) model, constructed from a discrete fracture network, generated from quantitative rock mass field data. The fracture network geometry was introduced into a bonded particle model, in a particle flow code (PFC). Subsequently, the ore pass was excavated within the SRM model. A stability analysis quantified the extent of rock mass failure around the ore pass due to the interaction of pre-existing fractures and the failure of the intact rock bridges between these fractures. The resulting asymmetric failure patterns along the length of the ore pass were controlled to a large degree by the in situ fractures. The influence of particle flow impact was integrated into the model by projecting a discrete rock fragment against the ore pass walls represented by the SRM model. The numerical results illustrated that material impact on ore pass walls resulted in localised damage and accelerated the stress-induced failure.
Introduction
Ore pass systems use gravity to transfer broken ore or waste from one level to a lower level in an underground mine. The stability of ore passes can be compromised by induced stresses on the ore pass wall and the presence of structural defects in the rock mass. In addition, material flow through an ore pass results in impact-induced damage, or wear, of the ore pass walls. This may necessitate rehabilitation, or in extreme cases, replacement of an ore pass system. Ore pass wall degradation can result in significant economic impact on a mine operation in the form of disruption of ore handling and production and internal dilution.
Ore passes at depth or in the abutment of mining stopes can be exposed to high stress. Stresses are usually tangent to the ore pass walls and perpendicular to the major in situ stress axis. Martin et al. (1999) suggested that stressinduced fracturing around underground openings initiates when the maximum tangential stress exceeds approximately 0.4 of the uniaxial compressive strength of massive rock. Damage is a function of the rock mass characteristics, in situ stress states and excavation geometry.
Stress-induced damage around ore passes in brittle rock results in the formation of a V-shape (notched-shape) failure region (Martin et al. 1997) . The failure in the notched-shape zone is governed by the initiation and growth of new tension cracks, usually parallel to the ore pass boundary. These cracks merge to form fractures resulting in the creation of rock slabs in the damage zone, spalling and slabbing. The thickness of slabs, in the damage zone, can vary from a few millimeters to tens of centimeters.
The spatial distribution and persistence of pre-existent structural defects in a rock mass influences the formation, and ultimate shape of a damage zone around an excavation. This was explored by Sellers and Klerck (2000) who conducted a series of laboratory tests around a hole drilled in a cubic rock sample containing several horizontal fractures and simulated the process using the finite-discrete element method. Both laboratory and numerical experiments indicated that pre-existent fractures can alter the stresses around the excavation and result in damage zones different than classical notch shape failure. This is in agreement with the work of Goodman et al. (1972) based on observations of damage zones around tunnels constructed in jointed rock masses. In the Underground Research Laboratory of Canada in Manitoba, Everitt and Lajtai (2004) reported that damage in stress concentration zone was more extensive where the foliation planes coincided with the slabbing directions. Castro et al. (1997) suggested that, with an increase in stress magnitudes, preexistent fractures in the rock mass surrounding excavations are clamped, particularly, in the stress concentration zone. Under these circumstances, displacement and sliding of rock wedges along fractures have a minor influence on the initiation of rock mass damage around the excavations. Damage is initiated with intact rock fracturing, for example in the form of breaking rock bridges between pre-existing fractures (Castro et al. 1997) .
Observations in underground excavations suggest that rock slabs formed in a damage zone around an underground excavation are in a meta-stable state (Potyondy and Cundall 2004; Martin et al. 1997) . These rock slabs do not fully detach from their rock mass but the rock mass becomes weaker. Martin et al. (1997) proposed that if the rock slabs are removed from the excavation wall the extent of damage zone will increase. In an ore pass, rock fragments striking on the damage zone can dislocate stressinduced rock slabs and result in significant expansion of the damage zone around the ore passes (Rech et al. 1992) .
The stability of ore passes under high stress conditions is determined by the relationship between induced stresses around the ore pass and a failure criterion for the rock mass. Quite often, the employed failure criterion is the ratio of the maximum tangential stress to the uniaxial compressive strength of intact rock. Both analytical and numerical methods have been employed to estimate the induced stresses around the ore passes. Joughin and Stacey (2005) used analytical methods (closed form solution) while Vieira and Durrheim (2005) used a boundary element technique to estimate the maximum tangential stress around the ore passes in deep South African gold mines. The advantage of using numerical methods is that the influence of abutment openings and mining sequences on the induced stress concentration surrounding the ore passes can be evaluated. None of these methods accounted for the influence of rock structures and their interaction with stress on the degradation of ore pass systems.
If an ore pass intersects large scale structural features it is convenient to use limit equilibrium analysis packages, such as Unwedge available from Rocscience (Rocscience 2003) . This approach may not be appropriate where multiple fracture sets of finite length result in multiple wedges along the ore pass length. If this is the case, it may be more appropriate to simulate a 3D rock mass representing all potential wedges that may form along the ore pass. Stacey et al. (2005) and Hadjigeorgiou and Grenon (2005) investigated the stability of vertical or near vertical excavations by first generating a series of fracture systems and then determining the stability of every individual wedge exposed along the walls of the excavation using limit equilibrium techniques. Although such approaches capture the occurrence of multiple wedges along excavation walls, they are limited when the stability of excavation is controlled by stress rather than structure.
There are several stress analysis packages that can be used to investigate the stability of ore passes. Of interest is the work of Sjoberg et al. (2003) that used FLAC2D to investigate the impact of a groove on the floor caused by wear during material flow on the integrity of an ore pass. The constructed numerical model was based on observations from the Kiirunavaara Mine in Sweden. At Creighton Mine in Sudbury Canada, Kazakidis and Morrison (1994) used an ubiquitous joint analysis in Examine2D to determine the influence of a shear zone orientation on mininginduced stresses. A limitation of these 2D stress analyses was that the employed tools do not fully capture complex geological structural behavior.
The recently developed synthetic rock mass (SRM) approach provides a link between discrete fracture network (DFN) and bonded particle model (BPM) (Pierce et al. 2007 ). This technique uses the BPM to simulate intact rock deformation and brittle failure, and the DFN to represent the geometrical fracture characteristics of the rock mass. A comprehensive review of the SRM approach including procedures to generate and validate SRM models and applications are presented by (Mas Ivars et al. 2010) . Hadjigeorgiou et al. (2009) used the SRM approach to simulate the interaction of stress and structure on the stability of vertical excavations in hard rocks, for excavations at shallow depth. This technique was also employed for estimation of scale effects on the mechanical properties of rock masses (Esmaieli et al. 2010; Cundall et al. 2008) .
This paper reports on a back analysis of the 19A ore pass at Brunswick Mine. The ore pass was in an area of high stress and seismic activity. This investigation into its failure used the SRM approach to evaluate the stress-structure interaction on its stability. Structural and geomechanical data collected at the mine site were used to construct a SRM model for a massive sulfide rock mass. The initial configuration of the 19A ore pass was excavated from the SRM model. A stability analysis estimated the extent of damage formed around the ore pass. Furthermore, the influence of material impact on the ore pass wall was also investigated.
Background and Problem Definition
The 19A ore pass belongs to the ore pass complex 18-21 located on the north side of 1,125 mining block, between mining zones 20 and 21 of Brunswick Mine. It consists of ore pass systems 18, 19, 19A and 21, Fig. 1 . All the ore passes at Brunswick Mine are operated as flow through (free flow) systems. An investigation by Andrieux et al. (2006) concluded that mining zones 20 and 21 were not advancing directly toward each other, but rather past each other (Fig. 2) . This resulted in high stress concentration and seismic activity around the ore pass complex 18-21.
Ore passes 19 and 21 were abandoned in 2004 due to considerable enlargement of their cross sections. In fact, ore passes 19 and 19A merged, thus necessitating paste backfilling of the 19 ore pass in order to inhibit further expansion. Laser cavity surveys demonstrated that damage to ore pass 18 was considerably less than the other ore passes. This was explained by the presence of an adequate distance between the ore pass and other infrastructure. Furthermore, it was suggested that the expansion of the other ore passes close by resulted in a stress shadow region for the 18 ore pass. The original dimension of ore pass complex 18-21 and their dimensions after degradation are illustrated in Fig. 3 . Figure 3c shows a cross section of the #19A ore pass and the level of expansion from its original dimensions of 1999 to those of 2003 and also in 2006.
As mining progressed in the 20 and 21 mining zones, it was vital that the long-term integrity of the 19A ore pass was maintained. This ore pass has a sub-vertical orientation of 85°and an upper section of 50 m long with an initial diameter of 3 m while the bottom section has a length of 70 m and initial diameter of 6 m. By 2007, almost four million tons of broken ore has been transferred through the 19A ore pass. In December 2007, the decision was made to abandon the upper section (1125-4sub to 1125-2sub) of the 19A ore pass and fill it with paste fill. 20 and 21 were simulated in the model. In all, 18 mining sequences were considered. Finally, the stress state due to the mining sequences was measured along one horizontal and two vertical grids in the model. The vertical grids were perpendicular to each other in the east-west and north-south directions (Fig. 4) .
The stress along the three grid sections was recorded during each mining step. Subsequently, the measured stresses on the grids were decomposed into the three principal directions of X, Y and Z to estimate the average stress states along these directions for each mining step. In the Brunswick Mine model the Y axis is parallel to the north direction and the X axis is parallel to the east direction. Figure 5 illustrates the variation of average stress throughout mining steps 1-18.
The global results of stress modeling indicated that the employed mining sequence resulted in stress variations including progressive relaxation in the area of interest, between the 19 and 21 ore passes. This information was employed to define the boundary conditions in the local model by first employing the stresses during mining step #6 (r xx = 75 MPa, r yy = 40 MPa, r zz = 45 MPa). Once the local model reached equilibrium, the influence of mininginduced relaxation, after mining step #13 (r xx = 70 MPa, r yy = 22 MPa, r zz = 50 MPa), was introduced in the analysis. The procedure of stress application and relaxation for the local model is discussed in the following sections.
Local SRM Model

DFN Modeling
The 19A ore pass was constructed in a competent massive sulfide rock mass. There is no evidence of major geological structures near the ore pass as the main mine dyke passing about 45 m of the north-west side of the ore pass section. Nevertheless, based on discontinuity data collected through scan-line mapping, the massive sulfide rock mass is characterized by three dominant joint sets, two of which are sub-vertical and one is sub-horizontal ( Table 2 ). The Fisher constant K indicates the dispersion of the orientation data around the mean value.
In order to investigate the interaction of stress and structure on the degradation of the 19A ore pass, a 3D DFN model was generated for the massive sulfide rock mass. A DFN model is a stochastic model that represents the rock mass joint fabric. Dershowitz and Einstein (1988) provided an excellent review of the stochastic fracture models. DFN models are generated based on specific relationships between joint characteristics such as orientation of joint sets, their shape, size, and termination.
The Fracture-SG code by Grenon and Hadjigeorgiou (2008) was used for generation of the DFN model for the massive sulfide rock mass at Brunswick Mine. This code is based on the Veneziano model which assumes that fractures are planar of polygonal shape. The fracture network generation starts with a Poisson network of planes in 3D space followed by a secondary process of tessellation with a Poisson line process that makes polygonal shape fractures. In this code, the information on fracture sets orientation, size and volumetric fracture intensity (P 32 ) was used as input data in order to generate the DFN for the massive sulfide rock mass.
A DFN model of 40 9 40 9 40 m was generated based on field data obtained at Brunswick Mine, summarized in Table 2 . Figure 6 illustrates the DFN model with the Y axis representing north. Andrieux et al. (2006) Fracture network generation is an iterative process with the process repeated until statistical agreement is reached between the field and simulated data. For the current work, several DFN models were generated to arrive at a model meeting all acceptability criteria. This was done by sampling the generated DFN model using mapping lines and planes similar to those of field mapping. The KolmogorovSmirnov test was then employed to compare statistical distribution of orientation, spacing and trace length of the simulated and in situ joint sets. Consequently, the validated DFN model was accepted as a plausible representation of the in situ rock mass joint fabric. Figure 6 shows one possible representation of the DFN, populated with 72,816 joint polygons. Joint set #1, set #2 and set #3 were identified with red, blue and green color, respectively.
Synthetic Rock Mass (SRM) Model
A SRM model is defined as a hybrid numerical model constructed by linking the Particle Flow Code PFC3D, a distinct element method (DEM) developed by Itasca (2008) , and a DFN model. The SRM model attempts to simulate intact rock failure together with fracture movement. The input parameters for a SRM are intact rock properties, fracture properties and geometrical characteristics of fractures represented by a DFN. The intact rock is simulated by an assembly of rigid spherical particles bonded together at their contact points. The physical behavior of the contacts is described by a linear contact and a frictional sliding model. A calibration process is used to assign the mechanical properties of intact rock to the BPM.
Fractures are represented by a smooth joint model (SJM) which allows particles to slide against one another along the fracture plane. Thus, the behavior of a SRM depends on the combined behavior of the solid rock matrix and the embedded fracture network.
Simulation of Intact Rock Properties
A procedure to generate and calibrate a BPM for intact rock simulation was proposed by Potyondy and Cundall (2004) . An inverse calibration method is used to establish the necessary micro-mechanical parameters for generation of the BPM that result in appropriate intact rock properties. The micro-mechanical properties of particles and bonds used to generate the BPM of the massive sulfide intact rock at Brunswick are summarized in Table 3 . The mechanical properties of the massive sulfide rock at Brunswick Mine obtained from laboratory tests and the values obtained for BPM are summarized in Table 4 . A minimum particle radius of 0.07 m was used for the intact rock simulation in the BPM. The same particle size was employed for the large scale SRM model of 12 9 12 9 10 m that was built for the ore pass stability analysis. In the present work, the calibration process resulted in a greater tensile strength for the BPM than the tensile strength of the intact rock. The small ratios of uniaxial compressive strength to tensile strength (r c /r t ), along with the low internal friction angle for the BPM, are two common limitations in how PFC manages intact rock modeling. Potyondy and Cundall (2004) suggested that using a smaller particle size can improve the (r c /r t ) ratio. However, particle size reduction can result in increasing the number of particles in a model and the computational time of the numerical modeling.
Several strategies have been explored to overcome the limitations in intact rock modeling employing PFC, including the use of irregular particle shapes and deformable particles. Ting et al. (1993) used elliptical particles to increase the internal friction angle of granular particle assemblies. Potyondy and Cundall (2004) suggested the use of clusters of particles to create irregular particle shape of grains in which neighboring particles are bonded together with high bond strength. Fakhimi (2004) proposed slightly overlapped circular particle assembly approach to overcome the inherent limitations of low (r c /r t ) ratio and low internal friction angle in BPM. None of these techniques could fully resolve the problem. Cho et al. (2007) suggested using clumped particles to provide an irregular shape to the particle assembly. Using PFC2D they showed that assembly of clumped particles can result in better agreement between laboratory tests and computational tests. More recently, other approaches such as grain-based model (Bahrani et al. 2012 ) and parallel bond refinements (Potyondy 2011) have been developed to decrease the ratio of tensile strength per uniaxial compressive strength of the BPMs. However, all of these have been developed in PFC2D
and have yet to be successfully implemented in PFC3D.
The influence of the (r c /r t ) ratio on initiation and extent of the damage zone around underground excavations is not evident. Fakhimi (2004) suggested that ''in the vicinity of an unlined excavation, the state of stress is uniaxial''. For the purposes of this investigation the calibration of the SRM relied on the elastic modulus, Poisson's ratio and uniaxial compressive strength. This was jugged adequate to simulate surface spalling and rock damage as observed in field situations. It is recognized that increased confidence in the calibrated model can eventually be achieved by further exploring the potential of clump and grain-based models.
Simulation of Fracture Properties
The SJM was used to simulate the mechanical behavior of fractures as it eliminates the inherent roughness and bumpiness of interface joint surfaces induced by particles. Particles along opposite sides of a smooth joint surface are allowed to overlap and pass through each other, rather than forcing particles to move around one another. This model ensures sliding of rock blocks along the fracture plane (Mas .
Using the results of intact rock calibration, a numerical simulation of a triaxial test was conducted on four specimens, each intersected by a fracture at a different inclination of 45°, 50°, 55°and 60°. Using a confinement of 1 MPa the axial stress initiating sliding along the fracture surface was recorded. The employed testing procedure has been described in detail elsewhere (Esmaieli et al. 2010) .
In this study, the bond strength along the fracture surface was assigned to zero and all particles directly adjacent to a fracture were assigned a friction coefficient of 0.2. The normal and shear stiffness of particles along the fracture surfaces were 2.5 9 10 12 and 0.5 9 10 12 N/m 3 , respectively. This calibration exercise resulted in fractures in the SRM model with the desired macro-mechanical properties of zero cohesion and an angle of friction of 30°. These values are considered typical values for the Brunswick mine.
SRM Model Generation and In Situ Stress Installation
In order to construct a SRM model for the massive sulfide rock mass at Brunswick mine, the validated DFN model was linked to a BPM. Modeling the full length of the ore pass section (50 m) in a 3D SRM model would have resulted in prohibitively long modeling times. Consequently, a tactical decision was made to construct a SRM model for only 10 m length of the ore pass.
The generated SRM model was based on a 12 9 12 9 10 m BPM containing of 167,576 spherical particles of minimum size of 0.07 m. In order to generate a uniform particle size distribution, the ratio of maximum to minimum particle size was fixed at 1.66. The #19A ore pass has a 3 m diameter, and the distance between the ore pass wall and the SRM model's boundary was at least three times the excavation radius. This distance was considered to be adequate to prevent the influence of boundary conditions on the stress concentration zone around the excavation. The micro-mechanical properties obtained from the intact rock calibration, summarized in Table 3 , were used for the particles and bonds in the model. The state of stress during mining step #6 (r xx = 75 MPa, r yy = 40 MPa, r zz = 45 MPa), from the global stress model constructed in Map3D, was applied to the BPM (Fig. 7) . Once the stresses were applied in the model, the fracture geometry data from the DFN model (Fig. 6) were transferred to the pre-stressed BPM. Figure 8 illustrates the generated SRM model using FishLab (2008) for visualization. This SRM size is greater than the representative elementary volume (REV) size of the massive sulfide rock mass which was estimated as 7 9 7 9 14 m (686 m 3 ) (Esmaieli et al. 2010 ).
Stability Analysis of the 19A Ore Pass
The stability of the 19A ore pass was investigated based on the SRM model. For these purposes all of particles were subjected to gravitational acceleration of 9.8 m/s 2 in the vertical (Z) direction. A 3 m diameter and 10 m long section of the 19A ore pass was constructed by deleting the particles in the center of the model. The deletion of particles was done in three steps from top to the bottom, and Fig. 7 Application of in situ stresses on the bonded particle model between each step the model was run for 10,000 cycles. This allowed smooth stress redistribution in the model and prevented damage of the particles around the excavation due to dynamic effects. Finally, the model was run for 700,000 cycles during 514 h until it reached an equilibrium condition and no more bond rupture occurred.
The complexity of the fracture network made a detailed visualization of the deformation of the rock mass difficult. Failure begins with initiation of tension and shear cracks in the ore pass boundary and in the fractured rock mass at a distance from the ore pass wall. The failure zones developed in the south and north wall side of the ore pass by accumulation and growth of micro-cracks. Figure 9 represents a plan view of the model where cracks were superimposed along the 10 m ore pass length. More than 80 % of the ruptured bonds (micro-cracks) failed in tension. It should be noted that in Fig. 9 , the local microcracking at the boundaries of the model is associated with the boundary effects. Nevertheless, the density of microcracks around the excavation is significantly higher than the density around the model's boundary where only local micro-cracks developed. Figure 10 is a cross section of the 3D ore pass model, 2 m above the center point (Z = 2 m). It only shows cracks in this particular sections and the extent of the damage zone around the ore pass. It indicates the damage propagation until the model reached equilibrium.
The magnitude of induced stresses, at a distance of 1 m away from the ore pass boundaries, was measured using 12 measuring spheres of 1 m diameter. Three measuring spheres were placed at different elevations of (Z = -3 m, 0 m and 3 m) to calculate the average induced stresses along each wall side. In the north and south walls, the average magnitude of tangential stress (measured from six measuring spheres) increased close to 130 MPa. Once damage was accumulated, adjacent of the ore pass walls, the tangential stress in the north and south walls decreased to approximately 90 MPa. The induced stress reduction in the damaged zone implies that this zone was unloaded gradually. The average tangential stress in the east and west walls of the ore pass showed that the stress magnitude remained between 65 and 75 MPa during the simulation. This indicates that no damage occurred in the east and west walls of the ore pass to result in the stress redistribution. In order to evaluate the stability of the ore pass walls along the north-south and east-west directions, two longitudinal sections of a uniform thickness of 1.5 m were considered. Figure 11a displays the longitudinal section of the 19A ore pass along the north-south direction immediately after excavation of the ore pass. A particle or clusters of particles which are identified by brown, orange and yellow colors represent rock blocks delineated by the ore pass walls and pre-existent fractures. The rock mass is represented by grey particles. Figure 11a shows that a small number of rock blocks (*4 rock blocks) were exposed along the ore pass walls. This can be justified by the relatively small size of fractures in the rock mass. Figure 11b exhibits the same section once the stressinduced damage was developed. Several large and small clusters of particles (new rock blocks) formed along the north and south wall sides of the ore pass. The resulting clusters of particles (rock blocks) can fall and slide into the ore pass, (Fig. 11c) . Finally, the stress-induced cracks developed in the north-south section are shown in Fig. 11d . The shear cracks are presented in red color and tension cracks are presented in blue color. A comparison of Fig. 11d and b shows that the magnitude of the damaged zone, represented by the clusters of particles formed in the rock mass, is proportional to the extent of stress-induced cracks developed in the model. Figure 11d also shows that Fig. 11 a A longitudinal section of the 19A ore pass along the northsouth direction a moment after the ore pass excavation (particle or cluster of particles with brown, orange and yellow colors represent rock wedges), b the same section after stress-induced damage, c the vectors of particle displacement along the north-south walls, d the location of bond failures along the north-south walls, (blue tension crack, red shear crack) (color figure online) the extent of damage zones in the north-south direction varied along the ore pass length. The extent of damage zone, at different elevations was more than 2 m from the boundary of the ore pass wall.
The results of the SRM analysis along the north and south walls (where induced stresses were concentrated) indicated that the extent of the damage varied along the length of the ore pass (Fig. 11d) . This variation is due to the spatial distribution of pre-existing fractures at different elevations. At some elevations, the damage extended more than 2 m from the ore pass wall into the rock mass. The pre-existent fractures, the fracture tips and the point of intersection between fractures resulted in areas of high stress concentrations. This resulted in local change of stress which led to the growth of new extension cracks. The presence of fractures changed the pattern of failure around the excavation which is different from the classical notch shape failure generally observed in massive rocks.
It should be noted that limited stress-induced damage was observed along the east-west direction. This is due to the relatively low induced stresses along these wall sides. Figure 12a represents a longitudinal section of the ore pass model along the east-west direction immediately after the ore pass was excavated. The section has a uniform out of plane thickness of 1.5 m. As observed along the north and south walls there are limited number of rock blocks exposed along the east and west wall sides once the ore pass was excavated in the rock mass. On running the model to the equilibrium condition, some new rock blocks (cluster of particles) formed along the ore pass wall and inside the rock mass (Fig. 12b) . Figure 12c shows the displacement vectors of falling particles including the sliding of a pre-existent rock block in the east wall side. The new rock blocks created in the model are associated with the initiation of shear and tension cracks in the rock mass. Figure 12d represents the shear cracks (red color) and tension cracks (blue color) developed in the east and west wall sides, for a uniform constant out of plane thickness of 1.5 m. The cracks developed around the new rock blocks. The failure mode in the east and west wall sides is mostly structure driven. Subsequently, the applied stresses were reduced to simulate stress relaxation occurring during mining step #13 (r xx = 70 MPa, r yy = 22 MPa, r zz = 50 MPa). This was done gradually to give enough time to the particle assembly to adjust to the force redistribution that accompanies slip and bond breakage. This was accompanied by the development of additional cracks, but these did not extend the damage zone. Stress relaxation resulted in an acceleration in the movement of detached particles (rock blocks) formed along the north-south wall directions.
Comparison of the Numerical Model to Field Observations
The first cavity monitoring survey ( (Fig. 13a) . In all, the ore pass expanded to 5 times its original volume. However, the expansion is not uniform along the ore pass length (Fig. 13b) .
Comparing the results of the numerical models to the field observations, obtained from the CMS, revealed that although the pattern of crack propagation observed in the numerical models follows the orientation of the observed ore pass degradation in the field, it was not possible to predict the actual magnitude of the failed zone. In this context, ''failed'' refers to actual excavation expansion for the 19A ore pass. In fact, the results of cavity monitoring observations suggest that the ore pass expanded to almost five times its original volume and approximately 3-10 times the original cross sectional area.
There are two possible explanations for this discrepancy:
The first possibility is that the constructed model may not have been adequately calibrated. Improved calibration would involve more simulations and further attention to the influence of particle size and shape and different microproperties of particles and bonds on the macro-properties of a PFC model. A promising avenue to solve this problem is to account for the influence of stress corrosion as employed by Potyondy and Cundall (1998) and Chandler et al. (2002) for brittle failure simulation and stability analysis at the Underground Research Laboratory (URL) in Canada. Based on PFC2D models they suggested that the stress corrosion approach can result in a better approximation of brittle failure zone around underground excavations. Stress corrosion is a time-dependent weakening process implemented in the PFC. This approach necessitated that they calibrate their model not only for short-term mechanical properties (UCS, elastic modulus and Poisson's ratio) but also for long-term mechanical properties.
A more plausible interpretation is that there are several degradation mechanisms in place. Ore pass wall degradation is influenced by wall wear, abrasion, impact loading, etc. during material flow. Furthermore, attempts to release flow in hang-ups using explosives can damage the walls and result in further degradation of the ore pass. Moving materials constitute the major difference between ore passes and other excavations such as shafts, ventilation raises, etc. Figure 14 represents the results of a CMS for the ore pass complex 18-21 including a ventilation raise constructed near the 19A ore pass. The ventilation raise has a diameter of 1.8 m and was developed in the massive sulfide rock mass. The in situ stress for this ventilation raise was close to that for the 19A ore pass. However, the results of the CMS revealed some minor failures in the north and (Fig. 13b is looking west) south walls of the ventilation raise, several times smaller than the extent of damage zones observed in the ore passes. This observation indicates that the SRM numerical models in the current study only simulate the failure initiation around the ore pass and not the propagation.
The impact of rock fragments on ore pass walls has a significant effect on expansion of the failure zones around the ore pass. Stacey and Swart (1997) stated that wear of ore pass walls, due to the rock fragment impact, is greater in the presence of stress scaling (zones where the rock mass strength has degraded due to the presence of high induced stresses).
In order to evaluate the influence of particle impact on the degradation of the 19A ore pass, a simple numerical experiment was performed. The 3D SRM model, in which the induced stresses have already damaged the rock mass, was chosen. A relatively large rock fragment of 0.9 m of diameter was generated inside the upper part of the ore pass. The rock fragment size was selected based on the dimensions of the scalpers (0.9 9 1.4 m) employed at Brunswick Mine. Scalpers are used in the collar of ore passes to control the size of rock fragments that feed into an ore pass. The same micro-mechanical properties assigned to the particles in the intact rock simulation were attributed to the projectile rock fragment. The rock fragment was projected against the south and east walls of the ore pass at a constant velocity of 17 m/s and at an angle of 30°. The model is presented in Fig. 15 , Y axis represents north.
Collision of the rock fragment with the south wall of the ore pass created fourteen extra cracks in the rock mass. Five micro-cracks (4 tension cracks and 1 shear crack) formed along the ore pass wall while nine other tension cracks developed inside the rock mass in the stress-induced damage zone. On the other hand, the impact of the rock fragment with the East wall of the ore pass created four tension cracks on the ore pass wall. Figure 16 shows longitudinal sections of the model along south and east walls, before impact and after rebound, respectively. All sections have a 1.5 m uniform constant out of plane thickness.
This numerical model demonstrated that the impact of a rock fragment to an ore pass wall can damage the wall surface and accelerate scaling in area of high stress concentrations. Due to stress-induced damage the rock mass becomes weaker and can be dislodged, as rock fragments flow in the ore pass. This can result in greater expansion of the ore pass along the damage zones. Finally, removal of the primary damaged zones, due to the flow of rock fragments, will result in re-concentration of stresses behind the primary damaged zones. This process will be repeated during the lifetime of an ore pass. This is the prevalent mechanism in flow through ore passes. 
Conclusions
This paper addressed ore pass failure mechanisms under high stress. The major contribution of this work is the development of a comprehensive approach to the analysis of the structural integrity of ore pass systems. This was based on the #19A ore pass at Brunswick Mine which is situated in an area of high stress and is operated as a free flow ore pass system. Degradation of the structural integrity of the ore pass walls is one of the major problems that ore pass systems in underground mines frequently encounter. This has important economic consequences as it has the potential to interrupt the operation of a mine. The proposed approach was used to interpret the influence of stress and structure in the stability analysis of the ore pass systems. Modeling the massive sulfide rock mass with a DFN model provided a realistic means of representing the pre-existing discontinuities. The influence of the pre-existing joints on deformation and failure of the rock mass around the #19A ore pass was determined by linking the DFN model with a BPM. The adopted approach modeled failure of rock mass around the excavation as the interaction of pre-existing joints and failure of intact rock bridges between these joints. The analysis was based on the SRM approach. The field structural and geomechanical data were used to construct and validate a SRM model for the massive sulfide rock mass in which the 19A ore pass was excavated. A global boundary stress analysis provided the necessary boundary conditions for the SRM model. The results of the SRM model demonstrated a failure zone development in the north and south walls of the ore pass at high induced stress zones. Distribution of pre-existing joints in the rock mass results in variation of the extents of the damage zone around the ore pass walls at different elevations along the ore pass length. Failure initiated by intact rock matrix Fig. 16 a Impact of rock fragment with the South wall side, b damage due to the rock fragment impact on the South wall side, c impact of rock fragment with the east wall side, d damage due to the rock fragment impact on the east wall side fracturing between pre-existing joints and resulted in the creation of small and large rock blocks or slabs (represented as clusters of particles). These rock blocks can slide or fall into the ore pass.
The constructed SRM model could not fully explain the observed behavior in the field. Although the stress-structural model using SRM can simulate damage initiation along the ore pass walls, it did not simulate the damage propagation. As the failure of rock bridges between the preexisting joints is caused by a combination of tensile and shear failure, the high ratio of tensile strength to compressive strength in the BPM may also have a major influence on this under-prediction. It would appear that the models need further refinement and calibration in order to improve their prediction of the extent of damage zones. This may be possible by (1) improving the BPM by decreasing the ratio of the tensile strength per compressive strength of intact rock, (2) integrating the influence of material flow as a precursor to wall degradation. It was demonstrated that the impact of a flowing rock fragment causes a greater degree of failure on the ore pass wall, where higher induced stresses have already compromised the integrity of this ore pass wall.
The paper demonstrated the feasibility of a two stage numerical approach in the analysis of a complex problem that involves structure, stress and material flow. It is possible to use this approach for design purposes by simulating a range of ore pass configurations in a SRM model. It will then be possible to predict the areas where material impact will result in extended wall damage under high stress.
